EXC1LETIOI~ OF CARBON DIOXIDE BY SEA ANEMONES
animal without food, a condition inconceivable on the assumption that contraction implies a characteristically high rate of metabolism. A similar conclusion was drawn b y Bethe from the fact that fresh water mussels remained contracted under load for as long as 25 days and yet the substance of these animals was no more diminished than that of those that were normally resting. P a r n a s (1910) , who studied the absorption of oxygen and the excretion of carbon dioxide in clams and other pelecypods, found that at maximum contraction and under high load the adductor muscles of these animals showed no increase of metabolism. Hence, the experimental evidence, so far as it goes, favors the view that in the so called tonus muscles the energy-consuming process is merely that of changing from one state of shortening or elongation to another, and that the maintenance of a state once reached is not at the expense of energy, but is dependent upon some such mechanical device as would be represented by a hook or a catch in such a mechanism as a cog-wheel (Bayliss, 1915) .
The muscles of sea anemones, so far as contraction is concerned, exhibit all the properties of the so called tonus muscles. The common sea anemone of the New England coast, Metridium marginatum Edw., may be said to average about 6 to 8 cm. in height and 3 to 4 cm. in diameter. Such an animal ill a fully expanded condition may have a volume of about 85 cc. On passing into full contraction it will discharge sea water to the extent of about 70 cc. and the residual 15 cc., representing for the most part the living substance of the animal, may remain in a contracted, compact form, for days at a time. The muscles concerned with this contraction, which are all of a very primitive, smooth variety, may shorten to as much as one-tenth their greatest length and remain persistently in this shortened state. Sea anemones afford, therefore, very convenient material for testing the question of the relative activity of tonus muscles at various stages of contraction.
As previous workers have shown, the most convenient line of attack on this problem is the metabolic one, and of the evidences of metabolism the excretion of carbon dioxide is perhaps the easiest one to determine. The question resolves itself as follows: In a given sea anemone what is the output of' carbon dioxide during the four states of relaxation, of contraction, of passing into the relaxed state, and of passing into the contracted state? Assuming that the amount of carbon dioxide excreted is a measure of the metabolism of the sea anemone, these four determinations ought to throw light on the nature of the activity of tonus muscle, for the contraction and relaxation of a sea anemone is the contraction and relaxation of its smooth muscles.
In making these determinations an Osterhout respiratory apparatus was employed. This apparatus has already been descried and figured (Osterhout, 1918) , and the method by which it was calibrated for this particular piece of work has already been published (Parker, 1922) . Suffice it to say that the apparatus consists of a system of chambers and tubes whereby a dosed circulation of air is maintained by means of a rubber pump provided with valves. Froma chamber in which the organism is contained, and consequently in which the carbon dioxide is produced, the air is carried either directly to a tube filled with an indicator solution, or indirectly to it, in that on the way to the indicator the air is passed through a U-tube filled with fragments of sodium hydroxide for the absorption of carbon dioxide. In the first instance, the air, carrying a definite proportion of carbon dioxide, bubbles through the indicator and gradually charges it with carbon dioxide, thus changing its tint; in the second, the air, freed from carbon dioxide, bubbles through the indicator and washes out the contained carbon dioxide, thus returning the indicator to its original tint. Whether the air will go directly or indirectly from the chamber in which the organism is kept to the indicator, is arranged by a system of pinch-cocks. From the indicator the air is returned through the rubber pump to the chamber in which the organism is kept. In taking readings with this apparatus, a record is made of the time in seconds necessary to change the color of the indicator by means of the carbon dioxide given out by the organisms from one standard tint to another. The indicator used in these tests was an aqueous solution of phenolsulfonephthalein, and the two standard tints were those represented by pH 7.36 and pH 7.78 (see Osterhout and Haas, 1918) . In taking a reading, the apparatus was run with an appropriate current of air till the indicator corresponded in tint to that of the standard tube pH 7.78; the air direct from the organism was then passed through the indicator and the time necessary to change the indicator from the tint characteristic for pH 7.78 to that for pH 7.36 was recorded. This rate of change was assumed to correspond to the rate at which the sea anemone gave out carbon dioxide, and was the desired figure. As these readings could be made every few minutes, for it takes only a short time to set and reset the apparatus, an almost continuous record of the carbon dioxide output of the sea anemone could be kept, a great advantage which the Osterhout apparatus has over those of other types of construction. As none of the previous workers on this problem had used methods presenting this advantage, it was hoped that novel results would be obtained thereby.
The first trials were made on sea anemones in expanded or contracted states in sea water, but it was soon evident that the carbon dioxide liberated by the sea anemone was not freely given up to the air by the sea water which, without doubt, acted as a buffer solution. Fortunately, however, Metridium is a sea anemone that naturally spends much time between tides and consequently out of water. Therefore, it could be suspended in the air without harm, and when tested in this position, its output of carbon dioxide was found to be continuous and relatively uniform.
The work was done at the Marine Biological Laboratory at Woods Hole, Mass., and I am under obligations to Professor F. R. Lillie, director of the laboratory, and his staff for many privileges and courtesies. I am also under obligations to Professor W. J. V. Osterhout for much help and advice in the use of his respiratoy apparatus.
A. Relaxed Sea Anemones.--In measuring the amount of carbon dioxide excreted by relaxed specimens of Metridium, it was found best to hang the animal in the respiratory chamber rather than to allow it to lie on the floor of the chamber. By puncturing the foot of the sea anemone a cord could be passed inward through its mouth and out through its foot in such a way as to make a convenient loop by which the animal could be suspended from a hook in the rubber stopper of the respiratory chamber. Such a sea anemone hung like a mass of tough jelly in contact on all sides with the air of the respiratory chamber. Occasionally the weight of the animal caused the cord to cut through the tissues and the whole animal fell ~to the bottom of the chamber, but in most instances the tissues were tough enough to resist the cord and the animal remained suspended during the test. The tissues of the sea anemone were too delicate to admit of much additional weighting so that the animals carried only their own weight, and the muscles in contracting lifted that weight and no more. Sea anemones that had been thus hung soon discharged most of the sea water contained in their bodies, and tests were not made till this superfluous fluid had all been drained off. The sea anemone then hung as an elongated jelly-like mass surrounded on all sides by the air of the respiratory chamber, and in this relaxed condition observations were made on the rate at which it excreted carbon dioxide. In some preliminary trials two relaxed sea anemones of the same weight, 0.5 gin., were tested separately and together with results as shown in Table I . The average time necessary for the appropriate change in the indicator when the two animals were tested separately was approximately the same, 424.8 seconds for No. 1 and 420.4 seconds for No. 2. Each sea anemone must, therefore, have produced carbon dioxide at about the same rate. What this rate was in absolute terms can be ascertained by using the formula obtained from the calibration of the apparatus as already referred to (Parker, 1922) . This formula is as follows: in which K is the constant of the apparatus, in this particular instance 1,283.5, T is the time in seconds for the indicator change, and W is the weight of carbon dioxide delivered in hundred-thousandths of a milligram per second.
In individual No. 1, this rate proved to be 3.0+ and in No. 2, 3.1 -hundred-thousandths of a milligram of carbon dioxide per second.
When the two animals were tested together, the average time necessary to change the indicator was found to be 213 seconds which corresponds to the production of 6.0+ hundred-thousandths of a milligram of carbon dioxide per second. Thus, the two sea anemones together made the requisite change in the indicator in almost exactly half the time taken by either alone, and gave evidence of excreting carbon dioxide at double the rate of the separate individuals. These tests not only yield results of importance in the respiration of Metridium, but they also indicate the relative accuracy of the apparatus.
Other relaxed sea anemones were tested for their production of carbon dioxide with the results shown in Table II . Here it will be seen that the heavier the specimen, the shorter the respiratory time, and consequently the larger the calculated amount of carbon dioxide excreted in unit time. At the bottom of the table the amount of carbon dioxide in hundred-thousandths of a milligram excreted per second by a gram weight of sea anemone is given. This amount varies from 4.8+ to 5.9+ or, if all the results in this paper are included, from 4.4 to 6.1. The average of all these measurements is 5.43-and it may, therefore, be concluded that a relaxed Metridium ex-cretes for each gram of living substance about 5.5 hundred-thousandths of a milligram of carbon dioxide per second, a figure very close to that for the clam, Venus, as calculated from the observations of Parnas (1910) , namely, 2.3 hundred-thousandths of a milligram of carbon dioxide per second per gram of living substance. B. Contracted Sea Anemones.--When a sea anemone is suspended in an Osterhout apparatus, it quickly assumes the relaxed condition and the records given in the preceding section were taken from animals in this state. The contracted condition can be easily induced by moving the glass vessel in which the sea anemone is suspended back and forth a little, whereby the sea anemone is made to swing and strike on the sides of the vessel. This movement of the vessel can be accomplished without disturbing the rest of the apparatus in consequence of the rubber connections between the vessel and the other parts. By thus stimulating the sea anemone from time to time, it can be kept in a condition of continuous and extreme contraction.
In determining the respiration of this state, a set of readings were taken with the sea anemone relaxed, a second set with it contracted, and finally a third set, after it had again relaxed. Records from two sea anemones treated in this way are given in Table III , from which it is quite obvious that the carbon dioxide given out in the contracted state is essentially the same in amount as that excreted during relaxation. Thus in the smaller animal, No. 8, the amount excreted in Table III , and in all instances it was clear that the amount of carbon dioxide excreted during contraction was not significantly different from that excreted during relaxation.
C. Contracting and Relaxing Sea Anemones.--Having
found that the metabolism of a relaxed and of a contracted sea anemone, as indicated by the excretion of carbon dioxide, was essentially the same, I next attempted to determine whether there was a change in metabolism during the operations of contracting and of relaxing. For this purpose the Osterhout respiratory apparatus is especially favorable, for it allows repeated determinations of the output of carbon dioxide to be made at very short intervals. I planned, therefore, to make a determination during a period of relaxation, then stimulate the sea anemone to contraction and make a second determination while this process was going on, a third whe n relaxation was in progress and a fourth after relaxation had been well established. After some trials I foun d that my procedure was simplified by the fact that many sea anemones after a short period of suspension showed spontaneous rhythmic contractions and such contractions were of frequent enough occurrence to make it possible to use them in taking records. Four such sets of records are shown in Table IV . In these sets it was possible to get a record while the animal was contracting, reset the apparatus, and take a second record while it was relaxing and then, before the next contraction, it was usually possible to get one or two records during relaxation. The sequence and details of these operations are given in Table IV . It is evident from an inspection of Table IV that the absolute amount of carbon dioxide excreted during the operation of contracting in all four animals is considerably greater than that produced during the operation of relaxing or during the relaxed state itself. It is also evident that the amounts of carbon dioxide excreted during the process of relaxing and during the relaxed state itself are not significantly different. These results are somewhat more evident in the last column of Table IV in which the numbers are reduced to a single standard, the weight of carbon dioxide in hundred-thousandths of a milligram excreted per second for a gram we~.ght of sea anemone. They are still better seen in the general averages of Table V . Here it is shown that the weight of carbon dioxide, in hundred-thousandths of a milligram per second, excreted by each gram weight of sea anemone is essentially the same during the process of relaxing ( 4 . 6 -) and during the relaxed state (4.8+) and that both of these weights are much lower than that shown for the process of contracting (7.1 -) . In other words the operation of contracting calls forth a type of metabolism in the sea anemone about half again as intense as that involved in the process of relaxing as well as in the relaxed state itself.
The relation of the amounts of carbon dioxide excreted by a contracting sea anemone to that produced in the relaxing or relaxed animal is well seen in the plotting in Fig. 1 , in which the records from specimen No. 13, in Table IV 1/I00,000 mg.
7.1--4.6--
4.8+
will be seen in a most striking way that every contraction is associated with a considerable increase in the output of carbon dioxide whereas the process of relaxing and the relaxed state remain in this respect at a relatively low and uniform level. D. General Conclusion.--From the observations on the excretion of carbon dioxide by the sea anemone Maridium marginatum, it is apparent that of the four states, that of contracting, of remaining contracted, of relaxing, and of remaining relaxed, the only one that calls forth increased metabolism is that of contracting. Apparently the animal may relax, may remain relaxed or may remain contracted without changing appreciably the even course of its metabolism. A metabolic change is associated only with the contracting state and we are justified in concluding that this is the only strikingly expensive operation which the sea anemone has to perform from the standpoint of its muscular activities. Once contracted, the animal may remain in that state without calling upon a type of metabolism more intense than that characteristic of its relaxed condition. Further, the process of relaxing seems also to involve no special change of metabolism. In normal relaxing and i n the state of expansion the muscles apparently are drawn out to their extreme length by the filling of the body of the sea anemone with sea water, an operation carried out b y the cilia of the animal. Since the cilia are in continuous (Table  IV) during the process of contracting, of relaxing, and in the relaxed condition. The sequence of the observations is from left to right (1 to 13); weights of carbon dioxide are plotted vertically. C indicates the operation of contracting; the unmarked records represent relaxing or relaxed states. action, the filling of the body spaces of the sea anemone with sea water, and the consequent elongation of its muscles, is an operation that involves no special activity and hence no increase of metabolism. The operation of relaxing, and the relaxed state as well as the contracted state appear, therefore, to demand no special metabolism. Contracting is the only obviously expensive operation of the four under consideration.
TIIEOI~TIC.
The term tonus admits of no easy definition. Early recognized by Johannes MiiUer, its nervous relations were first clearly shown by Brondgeest (1860), who demonstrated in the skeletal muscles of the frog a state of slight, continuous contraction, whereby the hind legs, for instance, though quiescent, maintained a certain pose. Since this pose disappeared at once on cutting the nerve to the leg, it was correctly assumed that this type of tonus had a nervous origin. Closely related to this phenomenon is that of decerebrate rigidity to which Sherrington (1898) long ago called attention. These conditions of continuous contraction in skeletal muscles find a much more striking expression, as already intimated, in many smooth muscles, and since many of these muscles are concerned with maintaining continuously a shortening condition rather than with active contraction they have been called tonus muscles. Whether the continuously shortened condition of tonus muscle and the tonic activity of skeletal muscle are the same thing or not is uncertain, but in many respects the two phenomena are strikingly alike and both appear to be in strong contrast with the normally active state of skeletal muscle ordinarily spoken of as tetanus.
Tonus and tetanus have been contrasted from a number of standpoints and, though these contrasts may prove in the end not to be in all instances fully warranted, they point clearly to fundamental differences in the two processes.
1. Tonus can be excited by a single nervous impulse after which the state of shortening produced in the muscle may remain a long time without further nervous action. Tetanus on the other hand is the result of a succession of nervous impulses and ceases almost immediately after they cease.
2. In tonus one length of fiber is as characteristic as another and there is no zero point in changing length; in tetanus the longest natural state is the resting length and the shortest the most highly active.
3. In tonus the muscle length is independent of load; in tetanus it is dependent upon load.
4. In tonus the shortened state is maintained without evidence of tiring; in tetanus the maintenance of such a state involves tiring.
5. In tonus an increase of metabolism accompanies a change of state not the persistance of a state. In tetanus it is characteristic of the contracted state as well as of the process of contracting and perhaps of relaxing.
6. Finally tonus does not seem to exemplify the all or none principle; tetanus does.
Statements have occasionally been made to the effect that tonus is a property of smooth muscle and tetanus of cross-striped muscle, but this assumed separation is certainly not justifiable. Skeletal muscles exhibit tonus and, among invertebrates at least, smooth muscle appears to contract in a tetanic way. Both processes probably occur in most muscles, but tetanus is predominantly characteristic of cross-striped muscle and tonus of smooth muscle.
The muscles of sea anemones show in their activities most of the peculiarities of the state of tonus. They can be excited to contraction by a single stimulus and they will remain in this state for a very long time without further stimulation. Metridium is most fully expanded and its muscle fibers consequently longest when it is in dim light, hut under such circumstances it can shorten to half-length or contract completely and remain at either of these conditions almost indefinitely. Its muscle fibers, so far as length is concerned, must reproduce the state of those found by Grtitzner (1904) in the muscular cavities of the vertebrates in which the fibers are short when the organ is contracted and long when it is dilated, and yet they are not stretched but are as much at rest when they are short as when they are long. The fiber seems to be not unlike the tube of a telescope; it may be lengthened or shortened, but is at rest at any length.
Because of the delicacy of the tissues of Metridium it was difficult to work with these animals under more than the weight of their own substance. In many instances, however, animals that were hung up held up their own weight, 1 or more gin. for hours at a time, much as clams and other mollusks are known to do (Parnas, 1910; Bethe, 1911) . As in the case of mollusks, sea anemones can remain contracted for hours or even days at a time without the slightest evidence of tiring. With Metridium there are insufficient data to carry out a calculation to show the degree of exhaustion that would result if the muscles of this animal acted as the cross-striped muscles of other animals do. Bethe (1911) has shown that on a conservative basis the adductor muscles of a clam would have used up 8.8 times the weight of the whole clam in sugar in keeping the valves closed against the action of the ligament for the experimental period of 25 days, had they acted as cross-striped muscles. He also pointed out that the contraction of the arterioles in the mammalian circulatory system would account for at least one-sixth of the total resting metabolism of the animal on the basis of tetanic contraction. That none of these tonus organs give evidence of tiring, not to mention exhaustion, is a clear indication of the fundamental difference between tonus and tetanus.
So far as metabolism is concerned, as judged by the amount of oxygen absorbed and carbon dioxide excreted, the results of Parnas (1910) and of Bethe (1911) show quite conclusively that the shortened state of the tonus muscle, whereby, for instance, a load on the valves of a clam is resisted, calls for no more expenditure of energy than does the shortened but unloaded state of the muscle, and Bethe draws the final conclusion that in tonus muscles the change of state and not the maintenance of a state is what requires increased metabolism.
This conclusion is in large part supported by the results from Metridium. In this animal it is quite clear, as has already been shown, that in the relaxed and the contracted states the metabolism is essentially the same; i.e., that represented by an excretion of from 5 to 6 hundred-thousandths of a milligram of carbon dioxide per second (see Table III ). But at the moment of change of state the metabolism does not always necessarily change as assumed by Bethe. In Metridium the process of contracting is accompanied by an increase in metabolism, but that of relaxing is apparently not so accompanied. This operation calls for a type of metabolism no more intense than that of the contracted or of the relaxed state (see Table V ), whereas the contracting phase is accompanied by a metabolism once and a half that of any of the other three phases. Hence, so far as Metridium is concerned, one is not warranted in concluding that 'every change of state is accompanied by a change of metabolism, for the process of contracting is the only one that shows an obvious metabolic increase.
If we assume that the muscle fibers of Metridium are provided with some such catch or hook mechanism as has been mentioned for tonus muscles and that the activity of these fibers is indicated by the animal's metabolism, we can then picture their action in the following way. A fully elongated fiber can be brought through nervous stimulation to ally state of shortening up to approximately one-tenth its greatest length. This operation necessitates increased metabolism. The shortened form may be maintained indefinitely and without any special rise in metabolism by the catch mechanism already mentioned. On the release of this mechanism, the fiber is in a position to become fully elongated by the gradual filling of the sea anemone with sea water and the consequent extension of its parts. This operationis dependent upon cilia which are in continuous activity and which hence call forth no special rise in metabolism in causing the muscle fibers to elongate. The fully elongated fiber may remain in this state indefinitely without bringing about any exceptional rise in metabolism, a condition which is true for any length at which the fiber may temporarily be. Hence there is no zero point for the fiber. It may be at rest at any length.
In some such way as this one can picture the activity of a tonus muscle, an operation which in many respects is in strong contrast with that of a cross-striped muscle where not only the contracting phase, but the state of continued contraction, and possibly also the relaxing phase are conditions of high, often exceptionally high, metabolism. What still remains to be accounted for in the action of the tonus muscle is the catch apparatus.
This apparatus is capable of holding the contractile fibrils at any length for an indefinite period. It is, therefore, the essential mechanism of the whole tonus device. Except in the crude mechanical conception of a catch, it is difficult to picture what this device may be.
Muscle, and particularly smooth muscle, is not the only form of tissue that exhibits the kind of tonus that has just been discussed. The melanophores of vertebrates show a state very like that of the tonus of smooth muscle. The similarity of these two types of tissue has already been insisted upon by Spaeth (1916) . A melanophore under appropriate stimulation may gather its pigmented substance together into a small sphere and remain so indefinitely or it may spread out into a most extensive branch work and remain indefinitely in that state. If the nerves supplied to the melanophores in such a fish as Fundulus are cut, the melanophores, as has been shown by Mr. L. C. Wyman in work about to be published, assume a form with blunt processes, the steUate form, and remain indefinitely in this condition. Since any of these states may persist without limit, no one of them can be said to be the resting state. The melanophore may assume a completely expanded, a completely contracted, or a partly contracted state, and remain thus for days. The condition is exactly parallel with that of a tonus muscle and suggests the presence of a catch mechanism in the melanophore as in the muscle fiber. But such a mechanism, if present in the melanophore, can have nothing to do with myofibrils, for the melanophore contains no such elements. The mechanism must, therefore, be located in the cytoplasm of the melanophore. Granting this to be so, the place to look for the catch mechanism in the muscle fiber is, then, not in its contractile elements, the myofibrils, but in that part of it which resembles the cytoplasm of the melanophore, namely, its sarcoplasm. Here in all probability is located the mechanism which can hold the myofibrils at a definite length or release them for their characteristic changes. The catch is apparently a function of the sarcoplasm.
How the catch mechanism operates, I am at a loss to say. Possibly it may depend on a temporary coagulation of the sarcoplasm, such as Biedermann (1904, p. 523) has suggested for the muscle fiber as a whole. Thus after the shortening or lengthening of the myofibrils has occurred, the fixed state would be assumed by the passage of the sarcoplasm from a condition of sol to one of gel whereby the myofibrils would be held definitely at a given length. Only after the sarcoplasm had reversed its state from a gel to a sol would the myofibrils be again in a position to change their length, either elongating or shortening. Thus the state of the surrounding sarcoplasm would determine whether the myofibrils were to be held at a definite length or were to be free to change their length either by contracting or by being drawn out. In this way it is conceivable that the sarcoplasm might act as a catch or hook mechanism.
That some stimulus must induce the assumed changes in the sarcoplasm from one state to another and back again is perfectly evi-dent, but what this stimulus is I do not suggest. Whatever i t m a y b e it probably involves so slight a change in the total metabolism of the muscle as to make no perceptible impression upon it. Thus it probably escapes detection. In respect to the relatively small amount of energy that may be necessary to control this change it recalls again a catch or tooth mechanism working on a cog-wheel.
The view here put forth has certain superficial resemblance to one already advanced by Bottazzi (1897) who postulated in muscle fibers two kinds of contractile substance, the anisotropic substance having todo with quick twitches such as are involved in tetanus, and the sarcoplasm concerned with slow contractions such as are seen in tonus. According to the view advanced in the present paper, however, all contraction is myofibrillar and the sarcoplasm is concerned solely with the catch mechanism. In this respect the present view is in strong contrast with that of Bottazzi. That the opinion advanced in this paper as to the method of action of the catch mechanism is highly speculative is fully appreciated.
IV.
SUMTC[ARY.
1. The metabolism of the sea anemone Metr{d{um marg{natum Edw. was measured in four states, relaxed, relaxing, contracted, and contracting, by means of an Osterhout respiratory apparatus. The basis of measurement was the number of hundred-thousandths of a milligram of carbon dioxide excreted per second by a gram of living sea anemone.
2. In the relaxed state this varied from 6.1 to 4.4+ and averaged 5.43--. 3. In a comparison of the relaxed and contracted states the amount of carbon dioxide excreted was found to be about the same; in one instance in relaxation 4.2 and in contraction 4.1+; in another in relaxation 7.8+ and 7 . 9 -and in contraction 8 . 1 -.
4. In a comparison of the three states relaxed, relaxing, and contracting, the first two were found to average about the same, 4.8+ and 4 . 6 -respectively and the last proved to be appreciably higher 7 . 1 -.
